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TRANSPORT PROPERTIES OF OXYGEN 
H. M. Roder 
Thermophysical P r o p e r t i e s  D i v i s i o n  
Na t i ona l  Engineer ing Labora to ry  
i l a t i o n a l  Bureau o f  Standards 
Boulder ,  Colorado 80303 
1. I n t r o d u c t i o n  
An accurate thermophysical  p r o p e r t i e s  base f o r  f l u i d  oxygen has been 
developed t l i rough  a s e r i e s  o f  measurements and analyses. Table 1 presents  a  
chrono logy  o f  p r i o r  p u b l i c a t i o n s  which c o n t a i n  equat ions o f  s ta te ,  c o r r e l a t i o n s  
o f  t h e  t r a n s p o r t  p rope r t i es ,  da ta  t a b l e s  f o r  the  t r a n s p o r t  p rope r t i es ,  o r  a  
combinat ioo o f  these items. Table 1 shows t h a t  t h e  massive se t  o f  t a b l e s  f o r  
oxygen i n  NASA SP 3071 L2] has g r a d u a l l y  been extended and superseded by new 
measurements and new c o r r e l a t i o n s .  S p e c i f i c a l l y  t h e r e  have been new exper imenta l  
measurements o f  v i s c o s i t y  C41, a  new c o r r e l a t i o n  o f  v i s c o s i t y  and thermal 
c o n d u c t i v i t y  [3], an ex tens ion  o f  t h e  PVT measurements f rom 34 MPa (5000 ps ia )  t o  
80 MPa (12000 p s i a )  [5], a  new equat ion  o f  s t a t e  which i nc l udes  t h e  ex tens ion  i n  
p ressure  [6], t h e  development o f  an i n t e r a c t i v e  package f o r  t h e  equat ion  o f  
s t a t e  [7], new exper imenta l  thermal c o n d u c t i v i t y  measurements [8], and new 
exper imenta l  thermal d i f f u s i v i t y  measurements near t h e  c r i t i c a l  p o i n t  [9]. The 
p resen t  t a b l e s  were computed because prev ious t a b l e s  o f  t h e  t r a n s p o r t  p r o p e r t i e s  
of oxygen extend t o  o n l y  34 MPa (5000 p s i a )  , and because f o r  thermal c o n d u c t i v i t y  
t h e  new measurements C8,9] show t h e  p r e v i o u s l y  best  c o r r e l a t i o n  ~ 3 1  t o  be i n  
e r r o r  by up t o  35 percent  f o r  n e a r l y  a l l  temperatures a t  t h e  h ighes t  pressures. 
Table 1. Overview o f  Previous Pub l i ca t i ons  
Reference 
I31  J. Phys. Chem. Ref. / 1974 
I 1 1 NBS Tech. W t e  384 
121 NASA SP 3071 
Data 
141 Physica 
151 NASA RP 1011 
Year 
197 1 
1972 
161 NBS IR 78-882 
PVT 
Equation Data Tables 
171 NBS Tech. Note 1025 
181 J. Res. NBS ( i n  press) 
191 Int. J. Thermophysics 
( I n  press) 
present r e p o r t  
polynomial isobars t o  5000 p s i a  
poi  ynanial isobars t o  340 atm 
and 5000 ps ia  
mod. BWR no 
ref. 3 no 
polynunial  isobars t o  1000 bar 
and 15000 ps ia  
mod. BhR no 
mod. BhR no 
ref .  7 no 
pol y. and no 
mod. BWR 
mod. BWR Isobars t o  100 MPa 
and 15000 ps ia  
Transport  Proper t ies  
Equations Data Tables 
Yes Yes 
re f .  1 yes 
new Yes 
ref. 3 no 
no no 
re f .  3 no 
re f .  3 no 
new no 
no no 
ref .  3 Ye* 
and new 
Notes 
temperature range t r i p l e  p o i n t  t o  340 K 
new c o r r e i a t  ion of t ranspor t  p rope r t i es  
uses t h e  data o f  141 
new v i s c o s i t y  measurements 
incorporates new PVT data t o  800 bar 
Incorporates revised t ranspo r t  
p roper ty  cor re la t ions .  
incorporates BhR i n t o  f lF lu ids  Pack'l 
new thermal conduct i v l  t y  measurements 
new thermal d i f f u s i v l t y  measurements 
incorporates new therma l conduc t i v i t y  data 
2. Representation of the Viscosity 
Values of the viscosity are calculated from the correlation of Hanley, 
e t  a1 . C3j. For the correlation the authors surveyed the 1 i t e ra ture  and 
systematical ly selected data which net part icul ar c r i t e r i a  for accuracy. For 
oxygen the experimental measurements of iiaynes [4] with an accuracy of 2 percent 
were selected. This set  of data was measured with a  torsionally osci l la t ing 
quartz crystal ,  and i t  comprises solne 200 points at  temperatures fro19 75 to  300 K 
with pressures t o  34 b1Pa. The correlation expresses viscosity in t e r m  of 
density and temperature, and i t  requires an equation of s ta te  (EOS) to  t ranslate  
pressures into equivalent densit ies.  The EOS most commonly used i s  the 
i  nteracti  ve package by llcCarty i7 ] .  The dependence of viscosity on ternperaiure 
and density i s  expressed in ~ 3 1  as
where 
and 
q1 (T) = A + B [ C  - L ~ ( T / F )  1' , 
and 
where 0 i s  a  density dependent factor given by 0 = (p - pc)/pc. 
While there i s  evidence for an enhancement of viscosity near the c r i t i ca l  
* 
point, terr;i 4  in eq ( I ) ,  i iqc(p ,T) ,  i s  n o t  considered in reference L31. Program 
l i s t i n g s  t o  calculate the viscosity [7] are  given in appendix A. For conplete- 
ness the values of the coefficients for eqs (2-4) are l i s ted  below. For these 
* A fu l l  description of how to calculate 6qc(p,T) i s  given in reference [lo]. 
3 c o e f f i c i e n t s  t h e  u n i t s  imp l i ed  are temperature i n  K, d e n s i t y  i n  g/cm , and 
v i s c o s i t y  i n  pg/cm.s. 
Equat ion (2 )  Equation ( 3 )  Equat ion (4 )  
3. Representat ion o f  t h e  Thermal Conduc t i v i t y  
Values o f  t h e  thermal c o n d u c t i v i t y  are ca l cu la ted  from t h e  c o r r e l a t i o n  o f  
Roder [8]. Th i s  new c o r r e l a t i o n  i s  based on new experimental measurements o f  the  
thermal c o n d u c t i v i t y  [ 8 j  and new experimental  measurements o f  t he  thermal 
d i f f u s i v i t y  [9]. The new c o n d u c t i v i t y  values [8] comprise 1126 p o i n t s  measured 
on 13 isotherms f rom 78 t o  310 K w i t h  pressures t o  70 MPa. The measurements were 
made w i t h  a new t r a n s i e n t  ho t  w i re  apparatus. 
The new c o r r e l a t i o n  expresses thermal c o n d u c t i v i t y  as a f u n c t i o n  o f  d e n s i t y  
and temperature r a t h e r  than temperature and pressure because over a wide range o f  
experimental  cond i t i ons  t h e  behavior o f  thermal c o n d u c t i v i t y  i s  dominated by i t s  
d e n s i t y  dependence. The technique requ i res  an equat ion o f  s t a t e  [7] t o  t r a n s l a t e  
measured pressures i n t o  equ iva len t  dens i t i es .  The dependence o f  thermal 
c o n d u c t i v i t y  on temperature and dens i t y  i s  normal ly  expressed as 
+ 'excess (P ,T) + AAcritical ( P J )  
The f i r s t  term on the  r i g h t  o f  eq (1 )  i s  t he  d i l u t e  gas t e r n  which i s  
independent o f  densi ty .  The second i s  t h e  excess the rna l  conduc t i v i t y .  The 
f i r s t  two t e r n s  taken together  are sometimes c a l l e d  t h e  "background" thermal 
conduc t i v i t y .  The f i n a l  term i s  t he  c r i t i c a l  p o i n t  enhancement. The d i l u t e  gas 
te rm i s  expressed as 
with Xo in W1rn.K and T in kelvin. 
The expression used for  the excess thermal conductivity i s  as follows: 
where the parameters a, 6 ,  y ,  6 are  functions of temperature as follows: 
The coefficients for eqs (6)  and (7) with T in kelvins and X in W/meK a re  
Equation (6)  Equation (7) 
The calculation of the third tern in eq (5) i s  s p l i t  into two separate regions 
which are shown i n  figure 1. The f i r s t  region is  called the c r i t i ca l  region 
proper, and i t  corresponds roughly to  the range of conditions for which Sengers, 
e t  a1 . [lo] recommend the use of a scaled equation of s ta te .  The second region 
i s  called the extended c r i t i ca l  region. I t  i s  shown as a t r iangle  in figure 1 
TEMPERATURE, K 
Figure 1. Region of the PVT surface covered by the new thermal conductivity 
measurenents [8]. A1 so shown are regions 1 and 2 for the 
calculation of the c r i t i ca l  point enhancement. The new thermal 
d i f fus iv i ty  measurenents [9] are nearly a l l  located in region 1. 
and covers those d e n s i t i e s  and temperatures f o r  which the  new ~~~easurernents [8] 
revea l  an anomalous increase above t h e  background conduc t i v i t y .  
3.1. Ca l cu la t i ons  f o r  Region 1  
* 
We de f i ne  the  reduced va r i ab les  T* = TITc, p *  = pipc, P  = PIPc and 
AT* = ( T  - T,)/T, * and AP = (P - Pc)/PC (9) 
The scal  i ng va r i ab les  are de f ined  by 
* 1/B X + Xo x  = AT*/IAP I and Y =  , 
The symmetrized cornpressibi l  i t y  i s  de f ined  by 
f o r  which a  specia l  case occurs a t  t h e  c r i t i c a l  isochore where Ap* = 0 
The c o e f f i c i e n t  r i n  eq (12)  i s  de f ined  b y  
Given t h e  d e f i n i t i o n s  above, Sengers, e t  a l .  [ l o ]  est imate the  c r i t i c a l  
enhancement f rom 
Th i  s  equat ion re1 a tes  the  thermal c o n d u c t i v i t y  enhancement a t  a  g iven temperature 
and d e n s i t y  t o  the  pressure c o e f f i c i e n t  (aP/aT) t h e  symmetrized compressi b i l  i t y  P ' 
XT and t h e  (normal) shear v i s c o s i t y  0. 
The values t o  be used w i t h  eqs (9-14) f o r  oxygen are 
Tc = 154.581 K n = O  $ = 0.355 
PC = 13.63nol /L  A = 1.04 y = 1.190 
P- = 49.77054 atm A, = 39.8 6 = 4.352 
Xo = 0.183 
The p r e s c r i p t i o n  given by Sengers, e t  a l .  [ l o ]  has been mod i f ied  i n  two 
minor  ways. F i r s t ,  t h e  value o f  A adopted t o  be 1.02 f o r  C02 i n  [ l o ]  i s  chosen 
t o  be 1.04 f o r  oxygen. This  number i s  es tab l  ished as a best va l  ue f o r  Weber's 
new experimental  d i f f u s i  v i t y  measurements [9], see sec t i on  4. The second 
m o d i f i c a t i o n  i s  t o  extend the  c a l c u l a t i o n  us ing  the  scaled equat ion out  t o  a 
temperature o f  162.9805 K o r  1.054 Tc r a t h e r  than 1.03 Tc. 
3.2. Ca l cu la t i ons  f o r  Region 2 
The expressions used i n  t h i s  reg ion  are as fo l l ows  C81. 
we d e f i n e  
= pc + C5(T - Tc) 1.5 
'center , 
then t h e  v a r i a b l e  x i n  eq (15) i s  
x  = c 6 ( p -  'center 1 f o r  ' > 'center (17) 
and 
The c o e f f i c i e n t s  fo r  eqs (15-18) a re  
T, = 154.581 K C4 - - -282950E-04 
= 13.63mol/L - ' c C5 - 071599E-3 
- 
C1 - .219200E+0 
- 
'6 - .13804E+0 
C2 = -145.55 - C7 - 01 298OE-5 
- 
C3 - -73451 2E-02 
3.3. Boundaries f o r  Regions 1 and 2 
The four boundaries d e f i n i n g  t h e  two d i f f e r e n t  reg ions  o f  computation are 
t h e  sa tura ted  l i q u i d  and vapor a t  t he  lower temperature, 162.9805 K a t  the  upper 
temperature, d e n s i t i e s  between 8.5 and 7.5 mol/L a t  t h e  lower densi ty ,  and 
d e n s i t i e s  between 18 and 13.6 mol/L a t  the  upper densi ty .  The boundaries are 
shown i n  p-T coord inates i n  f i g u r e  1. For any g iven temperature between 
s a t u r a t i o n  and 162.9805 K t h e  swi tch  between reg ions  1 and 2 i s  accomplished 
w i thou t  an abrupt change i n  t h e  va lue o f  A. This i s  done by swi tch ing  a t  those 
d e n s i t i e s  where the  ca l cu la ted  values o f  thermal c o n d u c t i v i t y  f rom [8] and [ l o ]  
a re  equal. 
The swi tch  i n  c a l c u l a t i o n  a t  t he  upper temperature boundary o f  162.9805 K 
can not,  un fo r tuna te l y ,  be accomplished w i thout  an abrupt change i n  t h e  va lue 
o f  thermal conduc t i v i t y .  The reason f o r  t h i s  i s  because i n  reference C l O ]  t h e  
c e n t e r i n g  d e n s i t y  i s  pc  by d e f i n i t i o n ,  whereas i n  re fe rence [8] t h e  center ing  
d e n s i t y  i s  l e s s  than pc f o r  a1 1 temperatures o the r  than Tc. The maximum " g l i t c h "  
a long t h e  162.9805 K boundary i s  about 1.6 percent i n  t h e  value o f  A. The l o c a l  
change across t h i s  boundary i s  shown f o r  d e n s i t i e s  from 0 t o  30 mol/L i n  
t a b l e  2. 
Programs t o  c a l c u l a t e  t he  thermal c o n d u c t i v i t y  are new. L i s t i n g s  are given 
i n  appendix B. The changes requ i red  i n  t h e  program set o f  re fe rence [7] t o  
implement t h e  new thermal c o n d u c t i v i t y  c a l c u l a t i o n  are i n d i c a t e d  i n  appendix B by 
arrows. 
4. Representat ion o f  t h e  Thermal D i  f f u s i  v i t y  
The thermal d i f f u s i v i t y  i s  de f i ned  by 
where C i s  t h e  heat capac i t y  a t  constant pressure. Both p and C are normal ly  P P 
ob ta ined f rom an equat ion o f  s t a t e  and the  thermal d i f f u s i v i t y  i s  then c a l c u l a t e d  
f rom t h e  thermal conduc t i v i t y .  Occasional ly  t h e  thermal d i f f u s i  v i  ty  i s  measured 
d i r e c t l y ,  as was done by Weber [9] who used a l i g h t  s c a t t e r i n g  apparatus t o  
measure t h e  thermal d i f f u s i  v i t y ,  p r i m a r i l y  i n  t h e  c r i t i c a l  region. 
The experimental  i n fo rma t i on  t o  be considered are t h e  76 p o i n t s  presented i n  
t h r e e  groups i n  t a b l e  3, where t h e  values are taken from re fe rence ~ 9 1 .  Weber 
conver ted h i s  experimental  measurements of thermal d i f f u s i v i t y  t o  values o f  
T a b l e  2. T h e r m a l  
T e i p o e r a t u r e s  
I n s i d e  o u t s i d e  
K K 
C o n d u c t l v l t l e s  n e a r  162.9805 K 
O m s l t y  T h e r m a l  Conductivities O e v I Ã § t i o n  
I n s i d e  o u t s i d e  
p e r c e n t  
-.oo 
-.oo 
-.oo 
-.oo 
-. 00 
-.oo 
-.oo 
-.oo 
.oo 
.oo 
.oo 
.oo 
.oo 
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thermal conductivity using eq (19). Thus the comparisons to  be made are "experi- 
mental thermal conductivity" to calculated thermal conductivity, where the method 
of calculation has been described in the previous section. In table 3 the f i r s t  
group, 14 points, incl udes a1 1 of Weber's measurements with temperatures greater 
than 158. K ,  i  .e., these points represent an overlap of the experimental 
measurements of references [8] and [9]. The second group, 33 points, includes 
those measurements for  which the experimental densit ies 1 i e  between 13.1 and 
13.7 mol/L, or l ~ p * ~  0.04. In essence t h i s  group i s  quite close to c r i t i ca l  
density. The remaining 29 points, i  .e., the l a s t  group, are characterized by 
experimental densit ies which are considerably different than c r i t i ca l  density. 
Differences between the calculation and Weber's "thermal conductivity" values [9] 
are given i n  table 3. The RMS deviation for the f i r s t  grouping of 14 points i s  
5.3 percent. Well within the experimental uncertainty estimated by Weber, t h i s  
average deviation indicates agreement between the diffusivi ty  experiment and the 
hot wire thermal conductivity measurements. For the second grouping of 33 points 
we find an RMS deviation of 7.5 percent, again within the expected uncertainty of 
the experimental measurements. This average deviation indicates agreement 
between the diffusivi ty  measurements and the most current method of predicting 
the anomalous thermal conductivity in the c r i t i ca l  region for densit ies close t o  
c r i t i c a l ,  i .e., for AAc(pc,T). However, the deviation of the third grouping of 
29 points i s  nearly 27 percent RMS, which exceeds experimental uncertainty by a 
considerable margin, and indicates a basic disagreement between these measure- 
ments and the prediction for densit ies which are substantially different from 
c r i t i c a l  density. Despite considerable e f fo r t ,  the cause of the disagreement 
renai ns unresol ved. The calcul a t i  on val ues off the c r i t i ca l  isoc hore my, 
therefore, be uncertain by as much as 30 percent for  b o t h  thermal diffusivi ty  and 
thermal conductivity. 
5. Prandtl Number 
The Prandtl number, Pr, i s  defined by the relation 
where C i s  the specific heat a t  constant pressure, q the viscosity and A the P 
thermal conductivity. To conserve space the Prandtl number has n o t  been 
presented i n  the tables,  i t  i s  however quite easy to  calculate the Prandtl number 
T a b l e  3 .  Thermal C o n d u c t l v l t l e s  from L l o h t s c a t t e r l n g ,  Yeber t91. 
Tempera ture  D e n s i t y  Thermal C o n d u c t l v l t y  
exp. talc. 
K m o l l 1  Y1m.K U1m.K 
D e v l a t l o n s  Group 
erp . -ca lc .  R M S  
V1n.K p e r c e n t  p e r c e n t  
f rom the  var iab les  tabulated.  I f  we solve eq (19) f o r  Cp and s u b s t i t u t e  i n t o  
eq (20) t h e  r e l a t i o n  f o r  the  Prandt l  number becomes 
As an example we use eq (21) t o  determine P r  f o r  the  saturated l i q u i d  a t  100 K 
Values f o r  q, p, and a are taken from t a b l e  4. Because the v i s c o s i t y  i s  
t abu la ted  i n  pg/cm s r a t h e r  than Pa s, no u n i t  conversions are required, and P r  
i s dimensi on1 ess as expected. 
6. Desc r ip t i on  o f  t he  Data Tables 
The f o l l o w i n g  tab les  o f  values f o r  t he  t ranspor t  p rope r t i es  are presented 
i n  t h i s  r e p o r t :  
Table 4. Transport p rope r t i es  o f  oxygen f o r  saturated l i q u i d  and vapor, S I  
u n i t s .  
Table 5. Transport p rope r t i es  o f  oxygen, isobars, S I  un i t s .  
Table 6. Transport p rope r t i es  o f  oxygen f o r  saturated l i q u i d  and vapor, Engr. 
u n i t s .  
Tab1 e 7. Transport p rope r t i es  o f  oxygen, isobars, Engr. un i t s .  
Table e n t r i e s  o f  temperature and pressure are  chosen t o  correspond t o  t h e  
values given i n  NASA RP 101 1 [5]  so t h a t  t he  present t ab les  can be thought o f  as 
an augmentation o r  extension o f  t he  e a r l i e r  ones. S l i g h t  d i f f e rences  i n  t he  
vapor pressure and dens i t y  e n t r i e s  may be ev ident ;  they  occur because the  
t a b l e s  o f  NASA RP 1011 [5] were prepared us ing a polynomial PVT surface, wh i l e  
t h e  present tab1 es u t i  1  i z e  a modi f ied Benedict-Webb-Rubin equat ion o f  s t a t e  C71. 
It was not  poss ib le  t o  use the  polynomial PVT sur face because t h a t  program 
s p e c i f i c a l l y  excludes a p o r t i o n  o f  the  PVT sur face c lose  t o  the  c r i t i c a l  po in t .  
Conversions t o  o the r  S I  u n i t s  and t o  u n i t s  normal ly  used i n  app l ied  problems are 
g iven i n  appendix C. The tab les  were ca l cu la ted  us ing the  programs l i s t e d  i n  
appendices A and B. The new programs given i n  appendix B f o r  the  thermal 
c o n d u c t i v i t y  were w r i t t e n  t o  be compatible w i t h  the  equat ion o f  s t a t e  package o f  
reference [7]. The pr imary va r iab les  i n t e r n a l  t o  the  computer programs o f  r e f e r -  
ence [7] a re  pressure i n  atmospheres, dens i t y  i n  mo les / l i t e r ,  and temperature i n  
ke lv ins .  The changes requ i red  i n  t he  program set  o f  reference [7] t o  implement 
t h e  new thermal c o n d u c t i v i t y  c a l c u l a t i o n  are 1 i s t e d  i n  appendix B. The changes 
a re  minimal, and they are  i nd i ca ted  i n  appendix B b y  arrows. Branching occurs on 
t h e  value o f  t he  molecular weight. We note t h a t  t h e  d i l u t e  gas value f o r  thermal 
conduc t i v i t y ,  FUNCTION DILV(T), ENTRY DILT o f  reference [7]  remains unchanged. 
The number o f  d i g i t s  given i n  t a b l e s  4-7 should not  be construed t o  be i n d i c a t i v e  
o f  t h e  accuracy o f  a quant i ty .  Most o f  the  p rope r t i es  i n  the tab les  range i n  
value over several orders o f  magnitude, making i t  necessary t o  p r i n t  more d i g i t s  
than i s  needed a t  one end o f  the  range. I f  a given proper ty  i s  vary ing  very 
s low ly  i t  may r e q u i r e  d i g i t s  beyond those necessary f o r  accuracy t o  show t h e  
d i r e c t i o n  o f  t he  change. As an extreme case consider t he  t r i p l e  po in t ,  t he  f i r s t  
two l i n e s  i n  t a b l e  4. The t r i p l e  p o i n t  pressure i s  not known t o  be b e t t e r  than 
about two d i g i t s ,  y e t  the saturated l i q u i d  dens i t y  d i f f e r s  by f i v e  orders o f  
magnitude from t h a t  o f  t he  vapor. 
7. E r r o r  Est imates 
V iscos i t y :  The nost recent  experimental measurements pub1 i shed f o r  a wide 
range o f  t h e  v i s c o s i t y  sur face are those by Haynes L-41. These new measurements 
cover temperatures f rom 75 t o  300 K w i t h  pressures t o  34 MPa. The c o r r e l a t i o n  
[3] represents the  175 experimental  po in t s  w i t h  a RMS d e v i a t i o n  o f  1 percent 
(1  a) where the  maximum and minimum dev ia t i ons  a r e  + 3 and - 3 percent. Thus t h e  
unce r ta in t y  i n  v i s c o s i t y  f o r  the tab les  presented here i s  approximately 1 percent 
f o r  t h e  d i l u t e  gas r i s i n g  t o  3 percent a t  pressures o f  34 MPa. The unce r ta in t y  
i s  expected t o  increase t o  no more than 10 percent f o r  pressures up t o  100 MPa. 
Thermal Conduct iv i ty :  The unce r ta in t y  o f  the  d i l u t e  gas values i s  
approximately 1 percent a t  room temperature and 1 atmosphere pressure, r i s i n g  t o  
5 percent i n  going down t o  the  t r i p l e  po in t .  The accuracy o f  t h e  tab les  i s  
expected t o  be 1.5 percent ( 1  a) over much o f  t he  surface, as es tab l ished by the  
fit o f  t h e  c o r r e l a t i n g  sur face [8]. This accuracy degrades t o  around 6 percent 
a t  77 K and zero dens i t y  and t o  around 6 percent i n  the reg ion  cover ing the  
c r i t i c a l  enhancement a t  159 K. For temperatures c lose r  t o  c r i t i c a l  t he  
ca l cu la ted  values may be i n  e r r o r  by as much as 30 percent. Ex t rapo la t i on  o f  the  
thermal c o n d u c t i v i t y  sur face o f  [8] f o r  temperatures h igher  than about 340 K has 
n o t  been examined. 
Thermal D i f f u s i v i t y :  The unce r ta in t y  i s  est imated t o  be 5 percent,  except 
f o r  t h e  c r i t i c a l  region. A t  t h e  c r i t i c a l  p o i n t  t h e  thermal d i f f u s i v i t y  i s  
expected t o  go to  zero, even though both thermal conductivity and specif ic  heat 
a t  constant pressure diverge strongly. In the near c r i t i c a l  region (T + 3 C - 
percent; pc 2 30 percent) the  uncer ta int ies  are  as large as  30 percent when 
compared to  experiment . 
8. Summary 
Thi s report presents tab1 e s  of vi scosi ty ,  thermal conducti v i ty ,  and thermal 
d i f fu s iv i t y  of oxygen, as  a function of temperature and pressure from the  t r i p l e  
point t o  320 K with pressures t o  100 MPa. Values of the viscosity are  calculated 
from a previous corre la t ion.  Val ues of the thermal conductivity are calculated 
from a new corre la t ion which combines new experimental measurements of the  
thermal conductivity and new experimental measurements of the  thermal 
d i f fu s iv i t y  i n  the c r i t i c a l  region. 
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Cond. m l c r o -  D l t f u s l v l t y  Cond. m l c r o -  O l f f u s l v l t y  
K g l cm**3  Y1m.L q1cm.s c n * * Z l s  K g l c rn * *3  V1m.Y 01cv.s  c m * * Z l s  
* 55.216 
56. 
58. 
60. 
62. 
64. 
66. 
hP. 
70. 
72. 
74. 
76. 
78. 
R C .  
82. 
84. 
86. 
8P. 
90. 
97. 
94. 
96. 
98. 
1CO. 
102. 
104. 
106. 
108. 
110. 
112. 
114. 
116.  
118. 
120. 
122. 
124. 
126. 
12R. 
130. 
132. 
134. 
136. 
138. 
140. 
142. 
144. 
146. 
148. 
150. 
152. 
154. 
156. 
158. 
160. 
165. 
170.  
175.  
18C. 
185. 
190. 
195. 
200. 
210. 
220. 
230. 
240. 
250. 
260. 
270. 
280. 
290. 
300. 
310. 
320. 
* T W O  p h a s e  B o u n d a r y  
f a b l e  5. T r a n s p o r t  P r o p e r t l e s  o f  Oxypenr  I s o b a r s ,  S I  U n l t s .  
8.5 MPa I s o b a r  9.0 UP8 I s o b a r  
Tcmo. O e n s l t y  T h e r m a l  V l s c o s l t y  T h e r m 8 l  Te ro .  
Cond. m l c r o -  O l f f u s l v l t y  
K g l cm**3  C1m.K p1cm.s cm**21s K 
O c n s l t y  T h e r m a l  V l s c o s l t v  T h e r m a l  
Cond. m l c r o -  O l t t u s l v l t y  
a l c m * * 3  Y 1 m . K  g1cm.S c * * * 2 l s  
70. 1.2406 
72. 1.2400 
74. 1.2312 
76. 1.2225 
78. 1.2137 
PO. 1.2048 
Two Phase R o u n d s r y  
T a t l o  5. T r a n s o o r t  P r o o r r t l e s  o f  Pxvpen,  I s o b a r s t  SI U n l t s .  
9.5 l r r h s r  10.0 n p a  I s o b a r  
T e m o .  D r n q l t v  T h r r n a l  V l % c o s l t v  T h e r r a l  Tcno. 
C o n d .  r l c r c -  n l ? f u s l v l t v  
r I /cT**~ . ~ 1 c n . s  c m * * t l s  K 
O e ~ s l t y  Therma l  V l s c o s l t y  Therma l  
Cond. m l c r o -  O l t t u s l v l t y  
a l c n * * 3  U1m.K q1ca.s c n * * 2 l s  
* 5 5 . 4 4 1  
5 h .  
5 ' ' .  
r r .  
6 7 .  
6 4 .  
t + .  
b U .  
7C. 
72. 
74. 
76.  
7 P .  
8C. 
82. 
8 4 ,  
RF. 
P e .  
90. 
92. 
9 4 .  
96. 
9P. 
10C. 
10Z. 
104. 
l o t .  
toe.  
110. 
112. 
114. 
I l h .  
118. 
1ZC. 
122. 
124. 
1 z t .  
I Z P .  
13P. 
82. 
8 4 .  
Rb. 
88. 
90. 
92. 
94. 
96. 
98 
100. 
192. 
104. 
100. 
108. 
110. 
112. 
114. 
116.  
118. 
120. 
122.  
124. 
126. 
r Two Phase Roundarv  
T a b l e  5 .  T r s n s v o r t  O r o p e r t l c s  o f  P x y g e n ,  I s o b a r s ,  5 1  U n l t s .  
ll.C * P a  I s o b a r  12.0 MPa I s o b a r  
TemD.. O e n s l t v  T h e r m a l  V l s c o s l t y  T h e r m a l  Temo. D e n s l t y  T h e r m a l  V l s c o s l t y  T h e r m a l  
t o n d .  m i c r o -  O i r t u s l v l t y  Cond.  m l c r o -  O l f f u ~ l v l t y  
K a l c n * * 3  h1m.K  q1cm.s  c r * * 2 / s  K q l c m * * 3  U1m.K q1cm.s c m * * 2 l s  
62. 
h k .  
6 6 .  
h e .  
'C. 
7 7 .  
74. 
76.  
7P.  
90. 
Ih5. 
no. 
175. 
190. 
1 9 5 .  
19'3. 
195. 
200. 
210. 
??O. 
T a b l e  5 .  T r a n c o o r t  P r o ~ r r t l r s  o f  C r y g e n e  I s 3 b r r z . t  T I  U n l t s .  
1 3 . 0  r p a  I s o t a r  1 4 . 0  * D a  I s o b a r  
Temp. D e n s i t y  T h r r n a l  V l s c o s i t v  T h e r a a l  T e n o .  D r n s i t y  T i - c r r a l  V l s c o s l t v  T h e r m a l  
~ o n d .  a i c r o -  0 l t * u z l v l t y  C o n d .  n i c r o -  O l f  f u s l v ~  t y  
K  a l c m * * 3  C 1 r . K  0 1 c r . s  c - * * 2 l s  K q / c r n * * 3  d 1 r . K  ~ I c * .s  c s * * Z l s  
9 2 .  
8 4 .  
8 6 .  
R R .  
99.  
92. 
9 4 .  
9 5 .  
99. 
1 0 0 .  
+ Two P h a s e  B o u n d n r v  
T a b l e  5. T r a n s o o r t  Properties o f  Oxvqen,  I s o b a r s ,  S I  U n l t s .  
15.0 H P a  I s o b a r  16.0 MPa I s o b a r  
Temo. O e n r l t v  T h e r m a l  V l s c o s l t v  T h r r m a l  Temp. O e n s l t y  T h e r m ~ l  V l s c o s l t y  T h e r a a l  
Ccnd. m l c r a -  n l f t u s l v l t v  C o n d .  m l c r o -  O i f t u s i v i t y  
K q l c m * * 3  U1m.K 01cm.s c r * * ? l s  K q l c n * * 3  U1m.K 01cm.s c m * * Z l s  
68.  
70. 
77. 
74. 
7h. 
7e. 
80. 
8 7 .  
8 4 .  
a t .  
PP. 
90. 
92. 
94. 
96. 
98. 
10C. 
102. 
104. 
106. 
10P. 
110. 
117. 
114. 
1 1 4 .  
I i R .  
17o. 
127. 
1 2 4 .  
12h.  
17P. 
130. 
132. 
1 3 4 .  
136. 
13P. 
14c.  
142. 
144. 
146.  
1SR. 
15C. 
152. 
154. 
156. 
15P. 
160. 
T a b l e  5. T r n n s o o r t  P r o ~ c r t l e s  n f  O x y p e n r  I s o b a r s t  S I  U n l t s .  
17.P MPa I s o b s r  18.0 U P 8  I s o b a r  
T r n p .  n r n s l t y  T h c r e a l  V l s c o s l t y  T F - r m a l  T e l o .  O e n s l t y  T h e r r a l  V l s c o s l t y  T h e r m a l  
Co-4. n l c r c -  O l * f u s l v l t r  Cond.  m i c r o -  O l f f u ~ i v l t y  
r s l c m * * 3  U1m.K o1cm.s c r * * Z l s  K a / c m * * 3  r1m.K a1cm.s c m * * Z l s  
5 6 . 2  
5 P .  
h n .  
62. 
64. 
6 6 .  
6 P .  
?I?. 
72. 
74. 
74. 
7f4. 
PC.  
e 7 .  
84. 
86. 
R e .  
9c. 
97. 
94. 
96. 
9P. 
lcr. 
i n 7 .  
104. 
1 0 6 .  
108.  
110.  
117.  
114.  
116.  
118.  
1 2 0 .  
172.  
174.  
176.  
I 2 e .  
1 3 0 .  
132.  
134.  
1 3 6 .  
138.  
ire. 
* Two P h a s e  R o u n d a r y  
T a b l e  5 .  T r a n s D o r t  P r o p e r t i e s  o f  D r y g e n t  I s o b a r s ,  S I  U n l t s .  
1 9 . 0  I s o b a r  2 0 . 0  l i p s  I s o b a r  
 ten^. D e n s l t v  T h r r m r l  V l s c a s l t y  T h e r n a l  Temp. D e n s i t y  T h e r m a l  V l s c o s l t v  T h e r m a l  
C o n e .  v l c r o -  D l t t u s l v l t y  Cond. m l c r o -  D l t f u s i v l t y  
X q t c m * + 3  I .  g1cm.s c m + + Z l s  Y q l c m * * 3  U1m.K 01cm.s c n * + Z l s  
1 1 4 .  
I l t .  
l l ? .  
1 2 0 .  
1 1 4 .  
l l h .  
T a b l e  5 .  T r a n s o o r t  P r o ~ e r t l e c  o f  P x y q c n .  I s o b a r s .  S I  U n l t s .  
2 1 . 0  n p n  I s o h a r  2 2 . 0  Y P a  I s o b a r  
D e n s i t y  T h e r m a l  Viscosity T h e r m a l  
C o n d .  m l c r o -  n i f r u s i v ~ t v  
q l c n * * 3  Y1m.Y a1cm.s  c n * * Z I s  
Temp. O e n s i t y  T h e r m a l  V l s c o s l t y  T h e r m a l  
C o n d .  m l c r o -  O l f f u s l v l t r  
K q l c m * * 3  Y1m.K q1cm.s  c m * * Z I s  
Temp. 
K 
7 4 .  
7 h .  
7 ~ .  
8 0 .  
8 2 .  
R4. 
RC.  
ee. 
9 0 .  
9 2 .  
9 4 .  
9 6 .  
PP. 
1 0 C .  
1 0 2 .  
1 0 4 .  
1 0 6 .  
1 0 8 .  
e B o u n d a r y  
T a h l r  5. T r a n s o o r t  D r o o r r t l r s  o f  O r y q e n t  I s o b a r s ,  S I  U n l t s .  
23.0 Ups I s o b a r  24.0 MPa I s o b a r  
Temo. D e n s i t y  T h e r m a l  V l s c o s l t v  Therma l  Temp. D e n s i t y  Therma l  V l s c o s l t ~  T h c r m a l  
Cond. m l c r o -  O l f f u s l v l t y  Cond. m l c r o -  O i t l u s l v l t y  
K  o l c a * * 3  U1n.K g1cm.s c m * * 2 l s  K q l c a * * 3  V1m.K 9Icm.s c * * * Z I s  
82. 
R4. 
86. 
F P .  
57.047 
58 
60. 
62. 
b4. 
56. 
68 
7 0  
72. 
7 4 .  
76. 
78. 
80. 
82, 
84. 
86. 
88 
PO. 
92.  
74. 
05, 
99. 
100. 
102. 
104. 
106. 
109. 
110. 
112. 
114. 
116. 
118.  
120. 
* Two Phese  Jounr la rv  
T n h l e  5 .  T r r n s ~ o r t  P r o v e r t l e s  c f  Oxygen,  I s o b a r s ,  SI U n i t s .  
2 5 . 0  I s o b a r  2 6 . 0  M P ~  I s o b a r  
Trmo.  n r n r l t v  T h r r r a l  V l s c o s l t v  T h e r m a l  Temo. O e n s l t y  T h e r m a l  V l s c o s l t y  T h e r m a l  
Cond.  m l c r o -  O l f f u s l v l t v  Cond.  m l c r o -  O l f f u s l v l t y  
K o l c m * * 3  k1m.K 11cd.s c b * * Z I s  K g l c n * * 3  Y 1 m . K  p1cm.s C ~ * * ~ I S  
5 7 . 1 7 P  
5 a .  
c r .  
6 7 .  
6 4 .  
F t .  
b p .  
7C.  
7 2 .  
7 4 .  
7h. 
7 8 .  
8 0 .  
R ? .  
P4 .  
PC. 
P R .  
9 0 .  
9 2 .  
9 4 .  
9 h .  
9 ~ .  
1 0 0 .  
1 0 2 .  
1 0 4 .  
106 .  
1 0 9 .  
1 1 C .  
1 1 2 .  
1 1 4 .  
Two P h a s e  P o u P d l r ~  
T a b l e  5 .  T r a n s ~ o r t  P r o ~ e r t l r s  0 7  n a v g e n .  I s o b a r s ,  SI U n l t s .  
Temp. O e n s l t v  T h c r s a t  V l s e o s l t y  T b e r m a l  Trmo. O c n r l t v  T h e r m a l  V l s c o s l t ~  T h e r m a l  
C a n d .  n l c r o -  D l t f u s l v l t v  Cond.  m i c r o -  O l f t u s l v l t y  
K g l c m * * 3  Y1m.K 01cm.s c ~ + * Z I S  K 9 l c m * * 3  Y1m.K ~ / C ~ I . S  c m * * Z l s  
* Two P h a s e  R o u n d a r v  
T a b l e  5 .  T r a n s p o r t  P r o ~ e r t l e s  a ?  C r y g e n ,  I s o b a r s ,  5 1  U n i t s .  
29.9 NPa I s o h n r  30.0 MPa I s o b a r  
Temp. D e n s i t y  T h ~ r ~ a l  V l s c o s l t v  T h e r m a l  T e n o .  O e n s l t v  T h r r m a l  V i s c o s i t y  T b e r m r l  
Cond.  u l c r c -  O l t t u s l v l t v  C o n d .  m l c r o -  D l f f u s i v i t y  
K o l c * * * 3  VIT.K g1cm.s cm**? ls  K q l c n * * 3  U1m.K q1cm.s c m * * Z l S  
42. 1 .3073  
64.  1 .2994  
66. 1 . 2 9 1 5  
4 8 .  1 . 2 ? 3 0  
70 .  1 . 2 7 5 8  
7 7 .  1 . 2 6 7 9  
7 4 .  1 . 2 6 0 1  
75.  1 . 2 5 2 3  
7 8 .  1 .2444  
R O .  1 .2166  
he. 
7C. 
7 2 .  
74 .  
76 .  
7R. 
RC. 
* Two P h a  
T a b l e  5 .  T r a n s p o r t  P r o ~ e r t l e s  o f  O r y p e n r  I s o b a r s ,  SI U n l t s .  
3 5 . 0  M P a  I s o b a r  4 0 . 0  MPI  I s o b a r  
Temp. O c n s l t v  T h e r m m l  V l s c o s l t y  T h e r w a l  Temo. O e n s l t r  T h e r m 8 l  V l s c o s l t y  T h e r m a l  
Cond.  m i c r o -  D l f f u s l v l t v  Cond.  m l c r o -  O l t f u s l v i t y  
K  g l c m * * 3  U1m.K g1cm.s c m * * 2 l s  Y q I c m * * 3  U1m.K g1cm.s c m * * Z l s  
1 7 2 .  
1 2 5 .  
1 2 6 .  
i z e .  
1 3 C .  
1 5 5 .  
1 7 0 .  
1 7 5 .  
1 8 0 .  
1 8 5 .  
1 9 0 .  
1 9 5 .  
zor. 
2 1 0 .  
2 2 0 .  
* Two P h a s e  P o u n d a r v  
T a b l e  5 .  T r a n s p o r t  P r o p e r t i e s  o r  Oxygen,  I s o b a r s t  S I  U n i t s .  
4 5 . 0  M P ~  I s o b a r  5 0 . 0  MPe I s o b a r  
Temp. Density T h e r m a l  V l s c o s l t y  T h e r n a l  Temp. O e n s l t y  T h e r m a l  Viscosity T h e r m a l  
Cond.  m l c r o -  o l f t u s i v i t ~  C o n d .  m i c r o -  o i f f u s i v l t y  
K 9 l c m * * 3  U1m.K g1cm.s c m * * Z l s  K  g l c m * * 3  U1m.K q1cm.s  c m * * 2 1 s  
R P .  
4r. 
9 2 .  
9 4 .  
9 6 .  
9 ' .  
100. 
Two P h a s e  S o u n d a r y  
T a b l e  5. T r a n s p o r t  P r o ~ e r t l e s  o f  Oxy9ens I s o b a r s s  S I  U n l t S .  
Temo. 
K 
6 0 . 4 2 5  
6 7 .  
t 4 .  
6 6 .  
be.  
7 C .  
7 ? .  
7 4 .  
7 6 .  
7 8 .  
8F.  
8 2 .  
8 4 .  
8 6 .  
R P .  
9C. 
9 2 .  
9 s .  
5 5 . 0  M P ~  I s o b a r  6 0 . 0  HPn I s o b a r  
O e n s l t y  T h e r m a l  Viscosity T h e r m a l  Temp. O e n s l t y  T h e r m a l  V l s c o s l t y  T h e r m a l  
t o n d .  n l c r o -  O l f t u s l v l t y  Cond. m l c r o -  O l f l u s l v l t y  
q l c a * * 3  U1m.K 91cm.s c m * * 2 l s  K q l c m * * 3  Y1m.K g1cm.s c m * * 2 l s  
T a b l e  5 .  T r a n s p o r t  P r o ~ e r t l e s  o f  O r y q e n r  I s o b a r s ,  5 1  U n i t s .  
6 5 . 0  M o o  I s o b a r  7 0 . 0  M P a  I s o b a r  
Temp. O e n s l t v  T h e r m a l  V l s c o s l t y  T h e r m a l  T e r p .  D e n s i t y  T h e r m a l  Viscosity T h e r w a l  
C o n d .  m i c r o -  O l f ? u s l v l t y  C o n d .  m i c r o -  O l f t u s i v l t y  
K p l c m * * 3  W1r.K g1cw.s  c m * * 2 / s  K q l c m * * 3  U1rn.K g1cm.s  c s * * 2 l s  
8 2 .  
8 4 .  
80. 
PP.  
9 0 .  
9 7 .  
9 4 .  
9 0 .  
9 8 .  
1 0 0 .  
Two P h a s e  B o u n d a r y  
T a b l e  5. T r a n s p o r t  P r o ~ e r t l e s  o f  Oxygen* I s o b a r s ,  S I  U n l t s .  
75.0 n p a  I s o b a r  80.0 NPa I s o b a r  
Temo. Dens1  t y  T h e r m a l  V l s c o s l t r  T h e r m a l  Temp. O e n s l t y  Therma l  V l s c o s l t y  Therma l  
Cond. m l c r o -  O l t t u s l v l t v  Cond. m l c r o -  O l f r u s l v l t y  
K g l cm**3  U1m.K q1cr .s  c m * * 2 l s  K g l c m * * 3  Y1m.K g1cm.s cm**ZIs 
62.5 
64. 
66. 
68. 
70. 
72. 
74. 
76. 
78. 
80. 
82. 
84. 
86. 
88. 
90. 
92. 
9 4 .  
96. 
98. 
10C. 
102. 
104. 
106. 
l o p .  
110. 
112. 
114. 
116. 
118. 
120. 
122. 
124. 
126. 
12P. 
130. 
132. 
134. 
136. 
138. 
140.  
142. 
144. 
146. 
148. 
150.  
152. 
154. 
156 .  
158. 
140. 
16.. 
170. 
175. 
180. 
185. 
190. 
195. 
zoo. 
210. 
220. 
23C. 
240. 
250. 
ZOO. 
270. 
280. 
290. 
300. 
310. 
320. 
Two Phase  4 o u n d a r y  
T a b l e  5. T r a n s o o r t  P r o ~ ~ r t i e s  o f  Oxvqen, I s o b a r s ~  S I  U n i t s .  
R5.C MDa I l o t a r  90.0 M P a  I s o b a r  
T P - r .  n r n s l t v  T h e r r n l  V l s c o s l t v  T h e r n a l  T r n ~ .  O e n s l t y  T h e r s a l  Viscosity T h e r m a l  
Cond. m l c r o -  0 l ? t u s l v i t v  Cond. m l c r o -  O l f f u s i v i t y  
K q 1 ~ * * * 3  r1m.r ptcm.< c n * * Z l s  Y 01cm**3 V I ~ . K  q1cm.s c m * * Z l s  
b 3 e C L 4  
A & .  
6 6 .  
E P .  
7 C .  
72. 
7 4 .  
7 6 .  
7 P .  
R P .  
R7. 
8 4 .  
P t .  
91. 
90. 
97. 
9L. 
96. 
9P. 
100. 
107. 
1F4. 
106. 
108. 
11C. 
112. 
114. 
116. 
118. 
1SO. 
122. 
124. 
126. 
128.  
130. 
132. 
134. 
136. 
138. 
140. 
142. 
144. 
146. 
148. 
150. 
152. 
154. 
155. 
158. 
160. 
165. 
170. 
175. 
1 8 0 .  
185. 
190. 
195. 
ZOO. 
21C. 
220. 
230. 
240. 
25C. 
260. 
270. 
280. 
290. 
300. 
310. 
32C. 
r T W O  P h a s e  B o u n d a r y  
T a b l e  5 .  T r a n s p o r t  D r o p e r t l e s  o f  C r y p e n t  I s o b a r s ,  SI U n i t s .  
9 5 . 0  * P a  I ~ 0 D a r  1 0 0 . 0  n ~ s  I s o b a r  
Temp. O e n s l t y  T h e r m a l  V l s c o s l t ~  T h e r m a l  Temo. D e n s i t y  T h e r m a l  V l s c o s l t y  T h e r m a l  
Cond.  m i c r o -  O l f f u s l v l t v  Cond. m i c r o -  O l f f u s l v l t y  
K  a I c n * * 3  Y1m.K q1cm.s c m * * ? / s  K g / c m * * 3  U1m.K g1cm.s cm**21s 
r T W O  P h a s e  R a u n d a r V  
This Page Intentionally Left Blank 
T s h l c  h .  T r a n s o o r t  P r n c t r t l r s  o f  D r y v c n  f o r  s a t u r a f  
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Cond.  m l c r o -  D l t f u s l v l t y  Cond.  m l c r o -  D l t f u s l v l t y  
R I b l ? t * * 3  8 T U l f t . h . R  I b 1 f t . s  f t * * Z l h  R I b l f t * * 3  B T U l f t . h . 5  I b 1 f t . S  f t * * Z l h  
T l h l e  7 .  T r a n s p o r t  Properties o f  Oxvgen, I s o b a r s ,  E n o r .  U n l t s .  
8 0 0 0 .  ~ s l a  I s o b a r  9 0 0 0 .  ~ s l a  I s o b a r  
Ttmn. n r n r l t v  T h e r m a l  V l r c o s l t y  T h e r m a l  Temp. O e n s l t y  T h e r m l l  V l s c o s l t y  T h e r m a l  
Cond. a l c r o -  O l f f u s l v l t y  Cond. m l c r o -  O l f f u s l v l t y  
R I h l ? t * * 3  PTLl1f t .h .P I b 1 f t . S  f t * * Z l h  P l b l f t l * 3  8 T U l f t . h . R  I b l f t . 5  f t * * 2 l h  
Two P h a s e  B o u n d a r y  
T a b l e  7 .  T r s n s ~ o r t  P r o ~ c r t l e s  o f  Oxygent I s o b a r f r  Engr.  U n l t s .  
10000 .  PSI. I s o b a r  11000 .  p s l a  I s o b a r  
Tcsp. O e n s l t y  Thernml V l s e o s l t y  Thermal Temp. O e n s l t y  Thermal V l s c o s i t ~  Thermal 
Cond. mlcro-  O i f f u s i v l t y  Cond. micro -  O l f f u r l v l t y  
R l b l f t * * 3  8TUl f t .h .P  1 b l f t . s  f t * * 2 l h  R l b l ? t * * 3  8TUl f t .h .R  I b 1 f t . l  f t * * 2 l h  
+ Tuo Phase Boundrry 
T a b l e  7. T r a n s o o r t  P r o o e r t l e s  o f  O x y g e n .  I s o b a r s ,  E n g r .  U n i t s .  
1 2 0 0 0 .  o s l a  I s o b a r  1 3 0 0 0 .  o s l a  I s o b a r  
Temp. O e n s l t y  T h e r m a l  V l s c o s l t y  T h e r n s l  T - n ~ .  D e n s i t y  T h e r r a l  V l s c o s l t v  T h e r m a l  
C a n d .  m l c r o -  O l f f u s l v l t v  C o n d .  micro- O I f f u s I v l t ~  
P l b l f t * * 3  B T U l f t . h . 9  1 b l f t . s  f t * * 2 l h  9 l b l f t * * 3  8 T U l f t . h . R  1 b l f t . S  f t * * 2 / h  
a s e  B o u n d a r y  
T a b l e  7. T r a n s p o r t  P r o ~ e r t l e s  o f  O r y q c n r  I s o b a r s r  Engr .  U n l t s .  
14000.  p s i s  I s o b a r  15000. ~ s l a  
Temp. D e n s i t y  T h e r m a l  V l s c o r l t y  T h e r r a l  Temo. D e n s i t y  Therma l  
Cond. n l c r o -  D I ~ ~ U S I V I ~ Y  Cond. 
P l b l f t * * 3  8TUlft.h.R 1 b l f t . s  f t * * 2 l h  P I b l f t * * 3  8 T U l f t . t  
275. bP.7948 
280. 68.3333 
285. 67.8740 
290. 67.4169 
295. 66.9522 
300. 66.509R 
310. 05.6119 
320. 64.7237 
330. 63.R452 
340. 62.0768 
350. 62.1188 
36C. 61.2714 
370. 50.4349 
390. 59.6096 
300. 58.7959 
400. 57.9930 
C10. 57.2041 
420. 56.4267 
430. 55.661R 
440. 54.9098 
450. 54.1707 
46C. 53.4457 
470. 52.7319 
480. 52.0374 
490. 51.3462 
500. 50.6731 
510. 50.0137 
520. 49.3h74 
53C. 48.7342 
540. 48.1140 
* Two Phase  Roundn l  
I s o b a r  
I V I S C O S I  t y  T h e r m a l  
m l c r o -  O l f f u s l v l t ~  
1 .R  I b 1 f t . s  f t * * 2 l h  
Appendix A. Program L i s t i n g s  f o r  V i s c o s i t y  
T h e  I l s t l n a s  e r e  e x t r a c t e d  f r o m  r e f e r e n c e  t 7 1 .  
N o t e  1. A  c a l l  t o  t h e  c o r f ? l c l e n t  s u b r o u t l n r r  1.r. C A L L  DATA 0 2 1  m u s t  o r e c e d e  t h e  u s e  o f  t n e s e  routines. 
N o t e  2. E n t r y  v a r l a b l e r  t o  F U N C T I Q N  V I S C I O D , T )  a r c  d e n s l t y  I n  n o l l L  s n d  t e r D e r s t u r e  I n  K .  
FUNCTIQN v I s c ( D n s T l  
C  QETI IRNS V I S C C S I T Y  I N  ( G I C M - S l * E + h ,  
c T IN K ,  D IN MOLIL 
C ~ M t J O N I C R I T l E r  
~ = D D * F t J 1 1 0 0 0 .  
V I S C = O I L V I T ) ~ F D C V I O ~ ~ ) * E X C E S V I D V T ~  
PETUPY 
EN D  
F U N C T I O N  D I L V ( T 1  
C  G I V E S  D I L U T E  GAS V I S C P S I T Y  AND THEPRAL 
C  C n Y D U C T I V I T Y  FOP AN I N P U T  TEPP. I N  
C  K E L V I N .  OUTPUT U Y I T S  ARE SAME b S  
C  THOSE I N  V I S C  4ND T H F P P  
C ' O ' ~ R ~ ~ N ~ I S P I N ~ N Y I N Y U  
C O * M O N I D A T P ~ I G V I G T ~ F V ~ F T , E V , E T  
O I M E N S I O N  G V ( 9 ) r G T l P ) ~ F V 1 4 l r F T ~ ) , E V I B l , E T 1 B )  
SUM-o 
T F = l * * ( l . 1 3 . 1  
T F F = T * * I - 4 . 1 3 . 1  
OO 1 0  1.119 
TFF.TFF*TF 
1 0  S U M - S U M + G V ( I ) * T F F  
I F I N W U . E Q . 7 l  Gfl T O  9  
D I L V = S U ~ * 1 0 0 0 .  
G O  TO 11 
9  OILV.SUn 
11 RETURN 
ENTRY D I L T  
T F = T * * l l . l 3 . l  
I F F - 1 1 1 1 - 4 - 1 3 . ]  
sun.0 
DO 2 0  1 . 1 ~ 9  
TFF.TFF*TF 
?O S U M = S U V + G T ( I I * T F F  
DILV.SUR 
RETURN 
END 
F U N C T I C N  F D C V I D v T I  
C  F I R S T  D E N S I T Y  CORRECTION 
C  FOR V I S C C Z I T Y  I N 0  THERMAL CONDUCTIVTTY 
C O M M ~ ~ N I D A T A ~ ~ G V I ~ T I F V , F T ~ F V , E V ,  ET 
D I M F N S I f l N  G V l 9 ~ ~ 6 T l 9 l r F V l 4 ) r F T ( 4 l ~ E V ~ P l t E T ~ B I  
F D C V = I F V l l l + F V l 2 I + ( F V l 3 ) - A L O G l T I F V ~ 4 ) ) l * + 2 ~ + D  
QETUPN 
FNTRY FDCT 
F n C V - l F T ( 1 l + F T l 2 l * ~ F T ( 3 ~ - A L f l G l T I F T l 4 l l l * * 2 l + D  
RETURN 
END 
F U N C T I O N  E L C F S V ( D s T 1  
C  CALCULATES EXCESS V I S C O S I T Y  
I l = F V l l I + E V 1 6 l 1 T  
EXCESV.EXD ( X I - E X P  (Ill 
PETUPY 
* = E T ~ I ~ + E T ~ ~ ~ * P * E T ~ ~ ~ * Q I T * * I ~ I ~ ~ + ~ T ~ ~ ) I T  
Y l - E T ( 1 ) + E T l 4 l I T  
E X C E S V = I E X P  ( X I - E I P  ( X l ) ) 1 1 0 .  
RETUPN 
1 QZ~D**(.5l*(lC-FT(RllIFTlBI) 
P*D**(.l) 
x~FT(l)+FT[2I*R?+ETf3l*R+ET~4l*R2I~T*Tl+ETl5l*RlT**~l.5l+ETl6~l1 
l + E T ( 7 I * R Z I T  
X l = E T l l I + F T ( b l I T  
EYCESV-EYD ( X I - E X P  ( X I )  
RETURN 
END 
Appendix B. Program L i s t i n g s  f o r  Thermal Conduc t i v i t y  
T h e  l i s t i n g s  a r e  e x t r a c t e d  f r o m  r e f e r e n c e s  C 7 1  a n d  C81. 
N o t e  1. A  c a l l  t o  t h e  c o e f f l c l e n t  subroutine, 1.e. C A L L  DATA 02, m u s t  p r e c e d e  t h e  u s e  o f  t h e s e  routines. 
N o t e  2. E n t r y  v r r l a b l e s  t o  FUNCTION THERM(DDIT) a r e  d e n s i t y  i n  m o l l L  a n d  t e m p e r a t u r e  i n  K.  
N o t e  3. T h e  d i l u t e  g a s  t h e r m a l  c o n d u c t i v i t y ,  ENTRY D I L T  I n  FUNCTION D I L V ( T ) ,  I s  i l s t e d  i n  A p p e n d l x  A. 
FUNCTION THERP(DD,TI 
C  RETURNS TC I N  MVlM-KI T  I N  KI  D  I N  M O L l L  
C O M M O N I H A N I C R ~ T C I  
COMMONIISPlN,NY 
COMMONlCRIT lEM 
-+ IF(EM.EQo31.9988)  GO TO 4  
D=DD*EM11000.  
IF(NY.EQ.0 GO TO 3  
CR=O.O 
T H E R ~ D I L T ( T I + F D C T ( D ~ T ) * l O O e + E X C E S T ( D 8 T ) + c R  
TCI=THER-CR 
THERM-THER 
RETURN 
3 CR=OmD 
T H E R H = D I L T ( T ) + F D C T t D ~ T ) + E X C E S T ( D t T ) + C R  
TCI-THERM-CR 
RETURN 
-+4 CR=CRITCR(DDIT)*~OOO.  
-+ TCI=THERHR~DD,T)* lOOO.  
--c THERM=TCI+CR 
--c RETURN 
END 
F U N C T I O N  THFPMR(RH0,TEHP) 
C  4 T H  SURFACE, COEF. FROM T C 0 2 1  AND MINIHS,  3 MAR 8 2  
D I M E N S I O N  8 1 1 0 )  
DATA 8 1 . 2 9 8 6 4 4 E - 5  
lr.59842E+00~.11362E-01~-~1952OE-04 
2 ~ . 4 7 6 2 4 E + 0 0 ~ - . 6 4 7 b 9 E - 0 3 ~ ~ 8 3 2 2 3 E - 0 6  
3~-.278141E-4~.153705E-b~e14717bE+lI 
T-TEMP 
DEN-RHO 
T C Z E R 0 ~ D I L T ~ T ) I l O O O .  
A L - 8 ( 1 ) * T  
BE=B(2)+8(3)*T+B(4)*ft*2 
GA=8(5)tB(b)*T+B(7)*f+,2 
DE=B(8I+Bf9)*T+BIlO)IT**2 
S ~ E ~ ~ ~ ~ ~ ~ i ~ ~ o + ~ ~ ~ o ~ ~ + ~ ~ * i ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * * ~ ~ ~ - i . o ~  
RETURN 
END 
F U N C T I O N  CRITCR(RH0,TEHP) 
C  4 T H  SURFACEI COEF. FROH T C 0 2 1  AND MINIWSI 3  MAR 8 2  
D I M E N S I O N  C ( 7 )  
DATA C 1 ~ 2 1 9 2 0 0 E t 0 ~ - 1 4 5 . 5 5 ~ ~ 7 3 4 5 1 2 E - 0 2 , - . 2 8 2 9 5 O E - O 4  
lr-.71599E-3~.13804E+0~~129~OE-5I 
DATA (TC*154.581) ,  ( R H O C = l 3 . 6 3 )  
1 -TEMP 
DEN-RHO 
DELD=ABS(DEN-RH0C) IRHOC 
IF(T .LT.TC)  T = T C t ( T C - 1 )  
IF (T .LT.307 .443)  GO TO 4  
CRITCR=OI 
RETURN 
4  CONTINUE 
AMPL=C(l)I(T+C(Z)l+C(3)+C(4)*T 
DELT-T-TC 
R H O C E N T = R H O C + C ( 5 ) * D E L T * * 1 . 5  
DELRHO=DEN-RPOCENT 
X l = C ( b ) * D E L R b O  
IF(DELRHO.LT.0.) X l = X l + C ( 7 ) * D E L R H O * * 5  
C R I T C R = A M P L * E X P ( - X l * * Z )  
I F ( T . G T e 1 6 2 . 9 e 0 5 )  RETURN 
I F ( D E N . L T e 7 . 5 . 0 R . O E N . G T . 1 8 ~ )  RETURN 
T E S T l = S E N G 8 1 ( D E N # T )  
I F ( T E S T l . G T . C R I T C R )  C R I T C R = T E S T l  
RETURN 
END 
FUYCTION SENGRl(RH0,TEf lP) 
C  YCALED EQUATION ONLY, VERSION OF 1 2  FEB 8 2  
C C R I T I C A L  ENHANCEMENT AS I N  SENGERS €1 A 1  1 9 8 1  U MARYL. REPORT 
C U N I T S *  I N  MOLlLpK,  INTERNAL ALSO ATM, OUT WIN-Ks ETA GICM-SrBK J / K  
C 1.02 REPLACED BY 1 . 0 4 ~  PARAflETER V A R I A T I O N  FOR UEBER DATA 
DATA ( T C * 1 5 4 . 5 8 1 ~ ~ ( D C = 1 3 . 6 3 ) ~ ( B K = 1 . 3 B D 5 4 E - 2 3 1 ~ ( P C = 4 9 ~ 7 7 0 5 4 )  
1 r ( Z Z = 5 . 9 7 8 3 E - 1 0 )  
DATA ( E ~ O . 2 B 7 ) r ( G ~ 1 ~ 1 9 D ) ~ ~ B = O 1 3 5 5 ) ~ ( D D ~ 2 e 3 6 ) ~ ~ X Z * O ~ l 8 3 ) * ~ D E ~ 4 ~ 3 5 2 )  
OFN-RHO 
T - T E f l P  
DELD=ABS(DEN-0C) IOC 
D E L T * A B S ( T - T C I I T C  
D F A C T = E X P ( - ( 3 9 . R * D E L T * * 2 + 5 . 4 5 * D E L D * * 4 ) )  
RSTAR=DENIDC 
V I S - V I S C ( D E N * T ) * ( l .  0 E - 0 6 )  
C 4 L L  DPDT(DPTIDEN,TI 
C IF (DELD.LE.O.25 .AND.DELT.LT .O.03)  GO TO B 
C CALL DPDD(DPD,DEN*T) 
t C H I S T A R = P C * D E N I ( D C * * 2 * D P D )  
C GO TO 1 2  
8  IF(DELD.EQ.0.) GO TO 3 
X = D E L T / D E L D * * ( l . O I B )  
Y = ( x t x z ) / x z  
TOP~DFLD**(-GIB)*((l~+E)I(l~+E*Y**(2.*B)))**(~G-l~)/(2~*B)) 
D I V ~ D D * ~ D E + ( Y - l ~ ) * ~ D E - l ~ I B + F * Y * * ~ 2 ~ * 8 ) ) 1 ~ l ~ + E * Y * * ~ 2 ~ * B ~ ~ ~  
C H I S T A R - T O P I D I V  
1 2  C H I = C H I S T A R * * 0 . 4 6 8 0 6 7  
UPPER~l~D4*BKIPC*~T*DPTIRSTARl**2*CHI*DFACT*l~Ol325E+6 
SENCBl=UPPER/(ZZ*b.*3.14159*VIS) 
RETURN 
3 RGA~*XZ**GIDD*((l.+E)IE~**~tGc1.)I(2.*B)) 
CHISTAP=BGAM*(DELT)**(-GI 
GO TO 1 2  
END 
Temperature 
P re s su re  
Appendix C. Conversion Fac tors ,  Oxygen 
S p e c i f i c  Vol ume 
I n t e r n a l  Energy, Enthal py 
Entropy, Spec i f i c  Heat 
Thermal Conduct ivi ty  
Vi scosi  t y  
Speed of  Sound 
Molecular Weight 
Surface  Tension 
1 .8R = 1 K 
14.695949 ps i a  = 1 atm = 1.01325 x lo5 N / I I I ~  
(1 ~ / m '  = 1 Pa) 
0.0005005957 f t 3 / l b m  = 1 cm31g mo1 
0.0134446 BTU/lbm = 1 J / g  rnol 
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